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ABSTRACT
Radar observations show that (16) Psyche is one of the largest and most massive
asteroids of the M-class located in the main belt, with a diameter of approximately
230 km. This fact makes Psyche a unique object since observations indicated an iron-
nickel composition. It is believed that this body may be what was left of a metal core of
an early planet that would have been fragmented over millions of years due to violent
collisions. In this work we study a variety of dynamical aspects related to the surface,
as well as, the environment around this asteroid. We use computational tools to explore
the gravitational field generated by this body, assuming constant values for its density
and rotation period. We then determine a set of physical and dynamical characteristics
over its entire surface. The results include the geometric altitude, geopotential altitude,
tilt, slope, among others. We also explore the neighborhood around the asteroid (16)
Psyche, so that the location and linear stability of the equilibrium points were found.
We found four external equilibrium points, two of them linearly stable. We confirmed
the stability of these points by performing numerical simulations of massless particles
around the asteroid, which also showed an asymmetry in the size of the stable regions.
In addition, we integrate a cloud of particles in the vicinity of (16) Psyche in order to
verify in which regions of its surface the particles are most likely to collide.
Key words: minor planets, asteroids: individual: (16) Psyche – methods: numerical
– celestial mechanics.
1 INTRODUCTION
Since asteroids are objects remaining from the early Solar
system, we are interested in their composition and internal
structure. Consequently, over the years, the agencies NASA,
ESA and JAXA have studied these objects in their space
missions, with the purpose of investigating how the develop-
ment of the Solar System embryo occurred, as well as the
transformations in the course of its evolution. Some missions
were designed to obtain information on the physical charac-
teristics of these objects, while others were able to observe
asteroids while traveling to other planetary destinations. For
example, the Galileo spacecraft (Belton et al. 1992, 1994)
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along its path to the planet Jupiter was the first to observe
asteroids. During those encounters, high-resolution images
of the asteroid (951) Gaspra were obtained in October 1991
and (243) Ida in August 1993. In 1996 NASA launched the
NEAR-Shoemaker mission (Veverka et al. 2000; Prockter
et al. 2002), that in addition to orbiting the asteroid (433)
Eros also landed on its surface, and in the course of its jour-
ney has captured hundreds of images of the asteroid (253)
Mathilde. The Hayabusa spacecraft (Fujiwara et al. 2006;
Yoshikawa et al. 2015), launched in May 2003 by the Japa-
nese Space Agency, imaged asteroid (25143) Itokawa closely,
and for the first time collected material from an asteroid re-
turning to Earth for analysis. There is also the Hayabusa 2
mission (Kawaguchi et al. 2008; Mu¨ller et al. 2017), laun-
ched in 2014, whose spacecraft has already reached the tar-
get, the asteroid (162173) Ryugu. This mission has the ob-
jective of once again collecting material samples from the
object and sending them back to Earth for analysis. The
European Space Agency started the Rosetta space mission
in 2004 (Glassmeier et al. 2007; Roll et al. 2016) to conduct a
c© 2019 The Authors
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detailed study of comet 67P/Churyumov-Gerasimenko, and
during the course made approximations and collected images
of the asteroids: (2867) Steins and (21) Lutetia, in 2008 and
2010, respectively. NASA’s OSIRIS-Rex mission (Lauretta
et al. 2015, 2017), launched in 2016, aims to bring samples
from asteroid (101955) Bennu.
Another audacious space mission designed for NASA is
the Psyche, scheduled for launch in 2022. The target is as-
teroid (16) Psyche, the largest asteroid located in the main
belt belonging to class M, analogous to meteorites composed
primarily of iron-nickel (Fe-Ni). An early interpretation of
class M asteroids is that its nuclei may originate from vio-
lent collisions with planetesimals, billions of years ago. It is
believed that (16) Psyche is the exposed core of a primitive
planet whose composition is Fe-Ni, characterizing it as the
unique metallic asteroid located between Mars and Jupiter.
The main objectives of the space mission are to verify if (16)
Psyche really is a nucleus, or if it is only non-molten mate-
rial, to characterize its topography and to estimate the ages
of the regions composing its surface 1.
Considering that it is a relatively large asteroid with
some peculiarities, besides being the target of a future space
mission, in this work we will investigate the dynamical en-
vironment and surface characteristics of (16) Psyche.
Therefore, a study of the gravitational field near these
objects is essential. Such a study is complex and can provide
dynamic events, such as ejection and capture of orbits. Many
studies have been conducted to enrich the investigation of
the gravitational environment of irregularly shaped bodies.
Considering that the gravitational field induced by
small irregular bodies, such as asteroids, is not something
simple to calculate, there is a need for increasingly refi-
ned methods to assist in this complex task. As a conse-
quence of the highly irregular shape of these bodies, the
use of the Legendre Polynomials method to calculate the
gravitational potential originates some discrepancies in cer-
tain points. Several strategies have been developed to solve
this problem. Triaxial ellipsoids (Scheeres 1994), a massive
straight line segment (Riaguas et al. 1999) and a solid cir-
cular ring (Broucke & Elipe 2005) are some approximations
used to compute the gravitational field of asteroids. There is
also the method of polyhedra created by Werner (1994) and
Werner & Scheeres (1996), where the shape of small irregu-
lar bodies is characterized by a polyhedron with constant
density, which computes the intensity of the gravitational fi-
eld exerted by these objects. The polyhedra method is more
accurate than the methods of the Legendre Polynomials and
the use of geometric objects. Thus, several studies have sha-
ped the asteroid format using homogeneous polyhedra and
applied this method to evaluate the gravitational potential
around these bodies. Among the applications is the inves-
tigation of the dynamic environment and the evolution of
orbits around (4179) Toutatis (Scheeres et al. 1998), (433)
Eros (Scheeres et al. 2000; Chanut et al. 2014) and (25143)
Itokawa (Scheeres et al. 2006).
In the current work, we adopted a program (Tsoulis
2012) that provides the gravitational potential calculated
by the polyhedra method, as well as its first-order deriva-
tives, with application to (16) Psyche. In order to explore
1 Website: https://www.jpl.nasa.gov/missions/psyche/
the geophysical environment around this object, we take as
reference three works. The first, Scheeres (2012), presents
results of the geopotential, surface accelerations and surface
slopes on the surface of the asteroids (433) Eros and (25143)
Itokawa. The second, Scheeres (2015), consider the shape
of small asteroids to be spheres and discusses altitude as a
function of slope. Besides, Scheeres et al. (2016), in which
a series of geophysical calculations were carried out to un-
derstand the surface of the asteroid (101955) Bennu. These
calculations employ the geopotential and its derivatives in
different scenarios that will aid in the mapping of the (16)
Psyche surface. Scheeres et al. (2016) found the surface acce-
lerations, the surface slope, the geometric and geopotential
topography, tilt, among other features, and discussed how
the alteration of the density parameter could influence the
geophysical environment of the asteroid (101955) Bennu.
Finally, computing the gravitational potential by the
polyhedra method, we can locate the equilibrium points in
the gravitational field of small irregular bodies and analyze
its linear stability, so that the results are more expressive
concerning the degree of precision. Wang et al. (2014) de-
monstrated that the amount of equilibrium points in the
gravity field of irregular bodies, comprising asteroids and
comets, is not fixed, in addition to the existence of at le-
ast one point. Since linear stability affects the environment
close to the equilibrium points, its result can contribute to
the good performance of missions with space probes whose
objective is to study asteroids, for example. Thus, the inves-
tigation of stability and its influence in the region near the
point of equilibrium can provide support in the construction
of a database that would select the best strategy of orbits of
reconnaissance around asteroids. If a particular parameter of
the body varies, the location and stability of the equilibrium
points may also change (Yu & Baoyin 2012; Hirabayashi &
Scheeres 2014; Jiang et al. 2015a,b). The parameter can be
density, rotation speed, format, etc. Scheeres et al. (2016)
when studying the dynamic environment of (101955) Bennu
also analyzed the behavior of the equilibrium points when
the density was changed. In this paper, in addition to dis-
cussing the characteristics of the geophysical environment of
(16) Psyche, we will also present a study of the equilibrium
points through density change, and for this, we will use the
extreme cases since it is a parameter still uncertain (Shepard
et al. 2017; Drummond et al. 2018; Viikinkoski et al. 2018).
Furthermore, we used a mass concentrations (MAS-
CONS) model (Geissler et al. 1996) with the intention of
integrating orbits around (16) Psyche. Since the polyhedra
method requires several calculations to evaluate the poten-
tial each time step, the mascons model in addition to main-
taining a good accuracy, reduces considerably the simulation
time. We performed simulations using an adapted version
of the Mercury package (Chambers 1999) that includes the
mascons model, considering as initial conditions a ring of
massless particles around (16) Psyche. The goal is to verify
the number of particles that survived until the end of the
simulation and those that collided. From the survivors, we
can extract information on how long they remain in stable
regions near the asteroid, in addition to the size of those lo-
cations. From the particles that have collided, we will have
knowledge of the regions on the surface of (16) Psyche that
are more favorable to the collision.
The paper consists of the following sections. We dis-
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cussed in Section 2 about the shape model and the general
characteristics of (16) Psyche. In Section 3, we present the
polyhedra model for computing the gravitational potential
and geopotential. The geophysical environment of (16) Psy-
che is investigated, and the results are presented and discus-
sed in Section 4. The next Section investigates the environ-
ment in the vicinity of (16) Psyche through the location and
stability of the equilibrium points, as well as an analysis of
the behavior of massless particles initially arranged around
the body and integrated over a given time. In Section 6, we
present a statistical study of the distribution of the impacts
of massless particles across the surface of (16) Psyche. Then,
we present the final comments in Section 7.
2 SHAPE MODEL AND PHYSICAL
PROPERTIES
The analysis of (16) Psyche radar observations confirmed
that this object has a much larger albedo than the other
main-belt asteroids, leading to the conclusion that it is a
metallic-core (Shepard et al. 2008). This fact was already
exposed in the first radar observations (Ostro et al. 1985).
The orbital semi-major axis, inclination, and eccentricity of
(16) Psyche are 2.9277 au, 3.0950◦ and 0.1339, respectively2.
The (16) Psyche shape model constructed by Shepard
et al. (2017) was generated by the combination of 18 radar
images and 6 continuous wave runs from 2015 with a further
16 continuous wave runs from 2005 and 6 adaptative-optics
images. This model provided maximum dimensions of 279×
232× 190 km (±10%).
For completeness, we present the three-dimensional
shape of the asteroid (16) Psyche. However, a more detailed
study can be found in Shepard et al. (2017). A polyhedron
with 1148 vertices and 2292 triangular faces covers the ir-
regular surface and delimits the shape of the asteroid. Fig.
1 illustrates the three-dimensional polyhedron shape model
of (16) Psyche. For the representation of this shape model,
the origin is in the centre of mass of the asteroid and the
axes x, y and z are aligned with the main axes of inertia.
We can note that the distance from the centre of mass to
the ends of the equatorial region is 50% greater with respect
to the same distance from the poles. It is evident from the
three-dimensional shape that the surface of (16) Psyche has
several irregularities, which may represent craters of about
10 km depth. Moreover, we can see how the polar regions are
flatter than the equatorial region, which makes this object
roughly ellipsoidal.
The Infrared Astronomical Satellite (IRAS) mission
(Tedesco et al. 2002) provides one of the most cited esti-
mates for (16) Psyche size, which is concerning the effective
diameter (diameter of a sphere whose volume is equivalent
to that of the object) Deff = 253±4 km. However, Shepard
et al. (2008) observed (16) Psyche in 2005 and the analysis
of 8 continuous wave runs and 3 delay-Doppler images pro-
vided a Deff = 186 ± 30 km, a reasonably lower estimate
than that of the IRAS. Although the mass of (16) Psyche
has been the subject of several estimates given by autono-
mous methods, there is a concordance of this value that fits
2 Website: https://ssd.jpl.nasa.gov/sbdb.cgi
Figure 1. Three-dimensional view of the polyhedron shape model
of asteroid (16) Psyche. The shape was built with 1148 vertices
and 2292 faces and the rectangular color bar provides the distance
computed from the centre of mass of the object, in km.
in ∼ 12 × 10−12 solar mass value (Carry 2012). Following
the work of Carry (2012), Shepard et al. (2017) adopted the
value of 2.72 ± 0.75 × 1019 kg as nominal mass. Since the
density of a body is dependent on the size used, the density
of ρ = 3.2 g cm−3 is for the size given by IRAS, while using
the model provided by Database of Asteroids Models from
Inversion Techniques (DAMIT), with Deff = 190 km, the
density found was ρ = 7.6 g cm−3, material composed of
Fe-Ni practically pure and without porosity (Shepard et al.
2017).
In addition, Drummond et al. (2018) analyzed a set of
adaptive-optics images that resulted in the shape model of
(16) Psyche via triaxial ellipsoids of dimensions (a, b, c) =
(137, 115.5, 88) km. Drummond et al. (2018) also found a
Deff = 223 ± 7 km and a new mass value for (16) Psy-
che, 2.43 ± 0.35 × 1019 kg, which led to a density estimate
of ρ = 4.16 ± 0.64 g cm−3. For this density estimation and
considering that (16) Psyche is composed of Fe-Ni, we have
an exposed, disrupted and reassembled nucleus of a plane-
tesimal similar to Vesta, resulting from a macro-porosity of
47%.
Through observations of high-resolution angular images
of (16) Psyche from ESO LT/SPHERE/ZIMPOL, Viikin-
koski et al. (2018) proposed to refine the three-dimensional
shape model of this asteroid and, consequently, its density.
They analyzed 206 optical lightcurves, 2 stellar occultati-
ons, and 38 disk-resolved images. The results indicated a
Deff = 226 ± 5 km and a mass of 2.41 ± 0.32 × 1019 kg,
which combined generated a new bulk density estimate for
(16) Psyche, ρ = 3.99± 0.26 g cm−3.
The (16) Psyche shape constructed by Shepard et al.
(2017) resulted in a Deff = 226 ± 23 km, a density of
ρ = 4.5± 1.4 g cm−3 and a radar albedo around 0.37, equi-
valent to a material 40% porous of metallic composition (Fe-
Ni), type regolith. For all the calculations presented in this
paper, we adopted the value of the nominal density given
by Shepard et al. (2017), as well as the rotation period of
4.195948 h. However, due to the fact that there is some un-
certainty in the density value of (16) Psyche, we will make
MNRAS 000, 1–19 (2019)
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a comparison of how its topographic characteristics behave
in the extreme values of density (for ρ = 3.1 g cm−3 and
ρ = 7.6 g cm−3), in Section 4. We will also analyze how the
value of this parameter affects the position of the equilibrium
points and their linear stability (Section 5). We emphasize
that by altering the density of (16) Psyche in Sections 4 and
5, we obtain a new volume since we preserve the mass of the
body. The values of Deff computed for the extreme cases
of density were 256.31 km and 190.08 km, respectively. Re-
sults consistent with those estimated by IRAS and DAMIT
observations.
We apply an algorithm (Mirtich 1996) that assumes the
shape model of (16) Psyche with uniform density and we
locate a fixed coordinate system in the body in which the
origin was transferred to centre of mass of the asteroid. In
addition, the x, y and z axes were aligned to the principal
axes of the smallest, intermediate and largest moments of
inertia, respectively. We also adopted that (16) Psyche has a
uniform rotation on the axis of largest moment of inertia. We
obtained a mass of M = 2.73331× 1019 kg and a volume of
6.07403×106 km3, values similar to those found by Shepard
et al. (2017). Below are the values, normalized by the mass
of (16) Psyche, of the principal moments of inertia:
Ixx/M = 4.4253× 103 km2, (1)
Iyy/M = 5.4010× 103 km2, (2)
Izz/M = 6.2298× 103 km2. (3)
We also compute the second degree and order gravity
coefficients whose expressions are linked to the principal mo-
ments of inertia (Hu & Scheeres 2004):
C20 = −1
2
(2Izz − Ixx − Iyy) (4)
C22 =
1
4
(Iyy − Ixx). (5)
The coefficients Cnm express the irregular shape of the mass
distribution of a body. It is common to separate the coeffici-
ents Cnm with index m equal to zero and define Jn = −Cn0,
and are called zonal coefficients because they divide the
sphere into zones. For the coefficients Cnm (m ≥ 1) when
m = n are called sector coefficients, they divide the sphere
into sectors. Then, using the equations (4) and (5) we find
the gravitational coefficients of (16) Psyche (normalized by
body mass and radius), in units of distance squared:
C20 = −0.1028 (6)
C22 = 0.1904. (7)
Note that because Ixx ≤ Iyy ≤ Izz the gravitational co-
efficients will have signals C20 ≤ 0 and C22 ≥ 0. We can
say that the coefficients C20 (J2) and C22 are the most im-
portant and represent the flattening and ellipticity of the
body, respectively. For comparison purposes, the values of
the gravitational coefficients of the asteroid (216) Kleopatra
are C20 = −0.6364 e C22 = 0.3128, as described in Chanut
et al. (2015). Note that for (216) Kleopatra to be a highly
flattened and elliptical body the values of the coefficients
C20 and C22 must be much larger, in modulus, than the
coefficients of (16) Psyche.
3 GRAVITATIONAL FIELD AND
GEOPOTENTIAL
According to Scheeres et al. (2016), the geopotential expres-
ses the amount of energy flowing on the surface and within a
body, and its expression adds contributions of the gravitati-
onal potential and uniform rotation of that object. When we
take into account the motion of a particle in relation to the
main body, we can compute the velocity of the particle and
the value of the geopotential in a given position. The union
of the relative kinetic energy with the geopotential results
in a conserved quantity, as we shall see further on. Further-
more, among the various applications of the geopotential,
it is possible to compute the force intensity exerted on the
particle according to its location in the body-fixed frame.
Let us consider (16) Psyche rotating with a velocity ω
and being orbited by a massless particle. It is worth remem-
bering that the shape model that represents the asteroid is
centred at the centre of mass and aligned with the princi-
pal axes of inertia. Then, the expression of the geopotential
reduces to (Scheeres et al. 2016):
V (r) = −1
2
ω2(x2 + y2) + U(r), (8)
where r = (x, y, z) represents the position of the particle in
the body-fixed frame relative to the centre of mass of the
body and U(r) describes the gravitational potential energy.
Using a polyhedra method in the form of a summation,
we can compute the gravitational potential as follows (Wer-
ner & Scheeres 1996):
U =− 1
2
Gρ
∑
e∈edges
re·Ee·re·Le + 1
2
Gρ
∑
f∈faces
rf ·F f ·rf ·ωf ,
(9)
where G = 6.67428 × 10−11 m3 kg−1 s−2 is the gravitatio-
nal constant, ρ is the nominal density of the asteroid shape
model, re and rf are vectors with origin at the field point
to any point in the edge e plane and in the face f plane,
respectively; Ee and F f are dyads expressed as a function
of the two face- and edge- normal vectors related to a given
edge and face, and represent the tensors of the edges and
faces with respect to the field point, respectively; Le is the
integration factor, and ωf is the signed angle viewed from
the field point.
The attraction of a body represented by a three-
dimensional polyhedron is given by differentiating the po-
tential described by equation (9) (Werner & Scheeres 1996):
∇U = −Gρ
∑
e∈edges
Ee·re·Le +Gρ
∑
f∈faces
F f ·rf ·ωf . (10)
3.1 Equation of motion
The motion of a particle near an asteroid may be influen-
ced by perturbations of the Sun, mainly by gravity and the
radiation pressure force. Such perturbations are sometimes
MNRAS 000, 1–19 (2019)
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Figure 2. Variation of the parameters A, C and W representing
the intensity of the solar tidal force, the radiation pressure and the
oblateness, respectively, as a function of the distance from (16)
Psyche. For each parameter there is a shaded region indicating the
variation between the pericentre and apocentre. Rcentral = 113.2
km is the equivalent radius of (16) Psyche.
important because they assist in the investigation of the dy-
namic environment around these small bodies. The increase
in the distance of the particle from the asteroid intensifies
the action of solar gravity. The radiation pressure, in addi-
tion to depending on the distance and direction of the Sun
with respect to the asteroid, also takes into account the ratio
of area to mass of the particle. Consequently, as the distance
between asteroid and particle increases, this perturbation
produces a more relevant contribution.
Then, the movement of a particle orbiting (16) Psyche,
for example, can be significantly influenced by a set of per-
turbative forces, such as the effects of solar gravity, radiation
pressure and the irregular gravitational potential of the cen-
tral body. However, in many situations, a single force may
be strong enough to end up being dominant in the system.
In this way, we can neglect the weaker forces without loss of
information on the resulting orbital dynamics. Hamilton &
Krivov (1996) presented an analytical and numerical study
of the behavior of such perturbative forces in the dynamics
of circumplanetary dust grains. They have considered the
most significant effects of solar gravity from the so-called
tide term, neglecting the higher-order solar terms, since the
intensity of these terms, is up to 100 times weaker. For the
radiation pressure, they considered a dust grain in the form
of a sphere with uniform density and scattering properties,
in addition to the absence of variations in the direction and
intensity of the radiation pressure force over the trajectory
of the dust grain (parallel-ray approximation). Furthermore,
for a non-spherical mass distribution of a central body, the
term J2 = −C20 is usually the dominant one.
For each perturbative force Hamilton & Krivov (1996)
introduced dimensionless parameters in order to compare
the perturbation strengths. The parameters are: solar tidal
parameter A, radiative parameter C and oblateness para-
meter W . The calculation of such parameters is expressed
in relation to some physical properties of the central body
and the dust particle. In Fig. 2 we present the variation of
parameters A, C, and W as a function of distance from (16)
Psyche, and for comparison, there is a line indicating a sca-
led strength for the point-mass attraction of the asteroid.
For each parameter, there is a shaded region indicating the
variation of their values between the pericentre and apo-
centre. We can note a decay in both oblateness (W ) and
point-mass parameters as distance increases since both ef-
fects are ∝ 1/r2. In the other hand, the radiation pressure
(C) and the solar tide (A) are stronger for regions further
from the asteroid, where a particle experiences a weaker gra-
vity from the central body, and it is more susceptible to be
disturbed by the effects that arise from the Sun. We restrict
our analysis to grains above 100 µm. At this size range, the
gravitational field of (16) Psyche is strong enough to domi-
nate the orbital motion of particles the asteroid, and any so-
lar perturbation (no matter if radiation or gravitational) can
be safely ignored. For instance, the gravitational parameters
(W and point-mass) are at least three orders of magnitude
larger than the radiation and solar tidal coefficients. Thus,
our results cannot be extended to finer dust grains for which
the solar radiation force may become relevant.
Therefore, in this paper, we consider that the gravita-
tional field of (16) Psyche is strong enough to dominate the
orbital motion of particles around it. Consequently, we are
neglecting any solar perturbations and also the influence of
the gravitational force from other bodies. Since at a distance
of twice the equivalent radius of (16) Psyche the parameters
C and A are at least 102 and 106 times smaller, respectively
than the parameterW . Thus, the asteroid gravitational force
is much stronger than the other perturbations.
Then, considering that the rotation of (16) Psyche is
uniform about its axis of maximum moment of inertia, the
equations of motion of a particle in its vicinity are defined
by (Scheeres et al. 2016):
r¨ + 2ω × r˙ = −∂V
∂r
, (11)
where r˙ and r¨ express velocity and acceleration of the parti-
cle. The existence of an integral of motion, which arises from
the fact that equation (11) is time invariant, can be related
to energy in the body-fixed frame. The Jacobi constant J ,
as this conserved quantity is called, is computed as follows
(Scheeres et al. 2016):
J =
1
2
v2 + V (r), (12)
where v is the intensity of the velocity vector with respect
to the rotating asteroid.
4 TOPOGRAPHIC FEATURES
The mapping of the geopotential and its derivatives, through
the surface of (16) Psyche, can be used to compute some
quantities that contribute to the investigation and identifi-
cation of the topographic features of this object. The geopo-
tential, as defined by equation (8), is the combination of the
gravitational potential added to the centrifugal potential.
We emphasize that the latter is directly related to the spin
MNRAS 000, 1–19 (2019)
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rate of the body, which we assume to be rotating uniformly
on the axis of the largest moment of inertia.
Thus, we will characterize the surface of (16) Psyche
taking into account the gravitational and rotational effects.
The contribution of these two effects makes it possible to
determine the relative energy in any region on the surface of
the body. One way to compute this energy is by defining a
reference value, called “sea-level” height, so that we can me-
asure an effective altitude at different locations above that
reference. Another more significant way is to connect the ge-
opotential directly to possible dynamic motions across the
surface of the asteroid. The displacement of a particle on
the surface of the body requires a certain velocity. So, we
can compute the geopotential, or, more precisely, the rela-
tive energy, as a function of the kinetic energy or velocity
necessary to propel such motion. Thus, we will analyze the
geopotential under these two aspects.
In this paper, we first compute the gravitational po-
tential of (16) Psyche on its surface, given by equation (9).
As the shape model of this object was based on polyhedra
with triangular faces, we computed the value of the gravi-
tational potential in the barycentre of each face. And then,
we obtained the geopotential value on the surface of (16)
Psyche, according to equation (8). The result allowed us to
characterize the surface of this object employing the geopo-
tential altitude, potential speed, surface accelerations, and
the mapping of slope angle, as we will see from Subsection
4.3 onwards.
In addition, we investigated the topography of (16) Psy-
che taking into account only geometric aspects, without the
influence of its properties, such as gravitational field and ro-
tation speed. The analysis of how each triangular face that
composes the polyhedral shape model of (16) Psyche beha-
ves in relation to the body geometry is characterized by the
geometric altitude and tilt angle quantities, defined in the
next subsections.
4.1 Geometric topography
The definition of geometric topography of the body takes into
account variations in the radius of the body with respect to
a minimum radius, and also the orientation of the surface in
relation to the vector whose magnitude is the radius of the
body (Scheeres et al. 2016). The radius is measured from the
origin in the body-fixed coordinate frame to the barycentre
of each triangular face that composes the asteroid shape
model. The first definition represents the geometric altitude
while the second gives us the value of an angle known as
“tilt” (Subsection 4.2).
In general, for planetary bodies, we observe that the
variation in altitude depends on the geometry of the sur-
face. Both are intimately connected so that an alteration
in the direction of one also represents an alteration in the
direction of the other. Thus, if the radius of the body in-
creases or decreases according to the region at the surface,
the gravitational potential will also increase or decrease, and
consequently, there will be a change in relative altitude. We
then compute the potential energy across the surface of (16)
Psyche relative to a reference value. This reference value is
considered as a “sea-level” value, or simply the smallest va-
lue computed across the surface (Scheeres 2012, 2015). In
Fig. 3 we have the potential energy change on the surface of
(16) Psyche, measured in relation to “sea-level”. While Fig.
4 exposes the change in radius of the body, measured in re-
lation to a minimum radius, according to the geometry of
the surface. We clearly note the previously cited relationship
between altitude and potential energy. We have a total al-
titude variation of approximately 50.5 km in relation to the
minimum radius. Note that the greatest variation occurs at
the equator in the region surrounding the ends of the object,
which can also be seen in Fig. 1.
We also obtained the total variation in altitude for
the extremes of densities discussed in Shepard et al. (2017)
(ρ = 3.1 g cm−3 and ρ = 7.6 g cm−3). We computed a varia-
tion of 57.2 km for the minimum density, and for maximum
density, this value decreases to 42.4 km. Although the den-
sity difference is relatively large, the variation in geometric
altitude does not have discrepant values, so the graphs that
present these results are similar to that of Fig. 4. Note that
because we are preserving the mass of (16) Psyche, we have
the following relation: as the density increases, the volume
decreases, and consequently, the variations in the geometric
altitude also decrease.
4.2 Tilt
As already mentioned at the beginning of Subsection 4.1 the
definition of geometric topography carries with it the surface
orientation, which is characterized by the angle tilt. Given a
point r any on the surface of (16) Psyche. The direction of
the vector normal to the surface at this point r establishes
the orientation of the surface at that location, in the body-
fixed frame. Similarly to Scheeres et al. (2016), we adopt as
the defining direction the vector that starts from the body
center of mass and points to the location r on the surface
of (16) Psyche, that is, the vector whose magnitude is the
radius at that surface location. Then, the angle between the
normal vector the surface and the radius vector is called
the tilt angle of the location r. To compute the tilt angle
based on the shape model of (16) Psyche, we consider a
point r on each triangular face and find the normal vector
on each face and the vector radius according to the location
r. This angle helps to understand how each triangular face,
which composes the form of (16) Psyche, is oriented in the
structure of the body.
Fig. 5 presents the mapping of the tilt angle across the
surface of (16) Psyche. Observe that the variation of the tilt
angle is relatively small, not exceeding 36◦. In addition, the
highest values of this angle lie in a region close to the poles.
And if the object in question was a sphere, by definition
given, the tilt angle would have a constant value equal to
zero. Since the (16) Psyche shape resembles a flat sphere,
but with irregularities over its entire surface, as seen in Fig.
1, this variation of the tilt angle given in Fig. 5 is adequate.
Therefore, depending on how irregular the asteroid
shape is and also the location on its surface, we can have
significant variations of the tilt angle. Note that this is an
angle that depends exclusively on the geometry of the body,
which will be the same regardless of the change in density.
4.3 Geopotential topography
Also in Scheeres et al. (2016) we find the definition of geo-
potential topography of the body established by the junction
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Figure 3. Gravitational potential mapped across the surface of (16) Psyche considering the nominal density, under different views,
computed in relation to “sea-level” value (−1.7710× 10−2 km2 s−2).
Figure 4. Geometric altitude mapped across the surface (16) Psyche considering the nominal density, under different views. Geometric
altitude is computed from the lowest magnitude of the radius vector on the surface (89.2366 km).
of two factors, they are: modifications in the geopotential
of the object and how inclined the surface (each triangular
face of the asteroid shape model) is in relation to the acce-
leration vector, determined from the geopotential. The first
definition represents the geopotential altitude (also specified
in Turcotte & Schubert (2014)) while the second is a mean
to find the value of an angle called “slope” (Subsection 4.6).
As the purpose is to investigate the geopotential alti-
tude across the surface of (16) Psyche, we first map the ge-
opotential on its surface and define the reference value “sea-
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Figure 5. Tilt angle mapped across the surface of (16) Psyche considering the nominal density, under different views.
Figure 6. Geopotential altitude mapped across the surface of (16) Psyche considering the nominal density, under different views.
Geopotential altitude is computed from the lowest geopotential value on the surface. The minimum value of the effective altitude on the
surface of (16) Psyche is 128.18 km.
level” to be the lowest value computed. Shepard et al. (2017)
also computed the geopotential altitude across the surface
of (16) Psyche, but in relation to a mean geopotential value.
We map the geopotential again in various locations on the
surface of the body, but now in relation to the “sea-level”
value (−1.7785× 10−2 km2 s−2). Then, this new result was
divided by the value of the local total acceleration of the
geopotential in these several locations. This division origi-
nated an effective altitude measured in units of length. Fig.
6 illustrates the behavior of the geopotential altitude across
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the surface of the body we are studying. Comparing Figs. 4
and 6 we can see a certain relation between the geometric
changes in the surface and the changes in the geopotential.
However, this correspondence usually does not occur on the
surface of small bodies whose rotation speed is high, due to
the great contribution of the rotational component in the
geopotential, as shown in the work of Scheeres et al. (2016)
for the asteroid (101955) Bennu. Although (16) Psyche and
(101955) Bennu have a similar rotational period, the radius
of the first is about 453 times the radius of the second. In
this way, the influence of the rotational effect on the geo-
potential ends up being balanced and even smaller than the
gravitational effect. We note from Figs. 3 and 6, that the
rotational effect interferes more in the equatorial region of
(16) Psyche.
We know that work is the measure of energy transfer-
red by the application of a force along a displacement and
that this force is given by the negative gradient of the geo-
potential. Therefore, we can correlate the altitude variation
indicated in Fig. 6 with an estimate of the quantity of work
demanded in the displacement of a particle on the surface
of (16) Psyche that travels, for example, from a certain al-
titude to a higher altitude. In addition, the density value
of (16) Psyche is also a parameter that influences the oc-
currence of changes in the effective altitude map. Since the
total variation in altitude varies as a function of density, the
behavior of the geopotential altitude under the minimum,
nominal, and maximum density values undergoes total vari-
ations equivalent to 14.2 km, 16.9 km, and 17.6 km, respec-
tively. Although (16) Psyche is an object of fairly large size,
it does not present significant changes in the total variation
in altitude considering extreme values of density. Thus, the
graphs that represent these results are similar to Fig. 6, with
the largest variations occurring in the equatorial region.
4.4 Potential speed
The displacement of particles across the surface of (16) Psy-
che provides a more detailed analysis of the geopotential.
Let us suppose a particle at rest at a location r ′ on the sur-
face of the asteroid. We saw previously in Subsection 3.1
that the Jacobi integral, expressed in Eq. (12), connects the
velocity of this particle with the geopotential computed at
position r ′ and the value of its Jacobi constant. By means of
this relation and according to the position of the particle in
the body-fixed frame, we can transform the energy available
for the motion of the particle between any two locations in
kinetic energy. Then, if the particle located at point r ′ mo-
ves to another point r ′′, on the surface of (16) Psyche, the
kinetic energy necessary for that purpose can be compared.
So, the values of the Jacobi integral evaluated at points r ′
and r” can be confronted to find the solution of the following
expression:
1
2
v′′2 + V (r ′′) = V (r ′), (13)
whose result gives the speed required for a particle to move
between two different sites on the surface of the asteroid
v′′ =
√
−2(V (r ′′)− V (r ′)). (14)
The trajectory of a particle from position r ′ to r ′′ is only
feasible if the result of subtraction (V (r ′′) − V (r ′)) is ne-
gative, otherwise, movement will not be allowed. Thus, the
difference between the relative energies computed at the po-
sitions r ′ and r ′′ is expressed by kinetic energy, or more pre-
cisely in relation to the velocity that the particle must have
in order to travel between those locations. As the particle
moves between the regions on the surface of the asteroid,
there will be a loss or a gain in speed. Consequently, we
can map the geopotential across the surface of (16) Psyche
using this relevant concept of velocity, and find the lowest
and highest geopotential locations.
Scheeres et al. (2016) defined this concept as “Jacobi
speed” in the form vj =
√−2V (r), with evident dependence
of the position r of the particle on the surface of the aste-
roid. Considering that this velocity can be defined at any
location on the surface of (16) Psyche, then the maximum
value of vj occurs at the point of lowest geopotential. So,
vmj (minimum value among those calculated on the surface
of the object) sets the highest point in the geopotential, and
relative values of the Jacobi speed mapped on the asteroid
surface are computed as follows
∆vj(r) =
√
(vj(r))2 − (vmj )2. (15)
The above relationship establishes the speed gain necessary
to boost the trajectory of a particle that leaves the highest
point in the geopotential to any location r on the surface
of the asteroid. However, another interpretation would be
to relate this equation to the velocity that a particle must
have at the beginning of its trajectory at point r toward the
highest point in the geopotential.
Fig. 7 maps the quantity ∆vj across the surface of (16)
Psyche, taking into account the nominal density value. Ob-
serve that it is at the extremities of the equatorial region
of the body where the maximum geopotential value is lo-
cated since this location comprises the highest point in the
geopotential. While the geopotential minimum is preferably
located in the polar regions since this location comprises the
lowest point in the geopotential. This analysis is in full ac-
cordance with the map of the effective altitude, given by Fig.
6. We conclude that for (16) Psyche vj is minimal at the ex-
tremes of the equatorial region and maximum at the poles.
Thus, a particle moving from the equatorial region to one of
the poles requires an amount of ∆vj to boost its motion on
the order of 0.06 km s −1. This is clearly shown in Fig. 7.
Although we do not present the graphs with the results
of ∆vj across the surface of (16) Psyche for the extreme
values of density, we report that the overall magnitude of
the speeds increases as the density increases. Fact expected
since the geopotential depends directly on the density of
the object. Moreover, even for the extreme densities, the
behavior of ∆vj follows the same pattern as that of Fig. 7.
For the low density the total variation of speeds is 4.79×10−2
km s−1, 6.01×10−2 km s−1 for the nominal and 7.62×10−2
km s−1 for the high density, relatively large changes.
4.5 Surface accelerations
Let us again consider a particle in position r on the surface
of (16) Psyche. The total acceleration experienced by the
particle at this point r is the junction of the gravitational
and centrifugal accelerations. We can map the total accele-
ration to any region in the body-fixed frame. Based on the
shape model of (16) Psyche, we locate the coordinates of
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Figure 7. Relative Jacobi speeds ∆vj evaluated across the surface of (16) Psyche considering the nominal density and v
m
j = 1.7878×10−1
km s−1, under different views. The values indicate the velocity that would be achieved by a particle that starts its trajectory from the
highest point in the geopotential (at the ends of the equatorial region) towards the lowest point (in the pole region).
the barycentre of each triangular face and then, we obtain
the total acceleration through the negative gradient of the
geopotential −∂V/∂r computed in these points.
Fig. 8 indicates the values of the total acceleration
across the surface of (16) Psyche considering the nominal
density. We can observe that the acceleration is stronger in
the south and north poles of (16) Psyche, while in the equa-
torial region, especially in the extremities, its influence is
minimized. This behavior reflects the competition between
the terms expressing the gravitational and centrifugal ac-
celerations computed from −∂V/∂r. Although it is evident
from Fig. 8, by the arrangement of the colors representing
the effect of the total acceleration across the surface of (16)
Psyche, the variation between the values comprising the mi-
nimum and maximum acceleration is very low, less than
4.0× 10−5 km s−2. In addition, we can decompose these ac-
celerations and analyze the normal components to the local
surface and tangential to the local surface. The accelerati-
ons normal to the surface range from 1.027 to 1.451 km s−2,
while the accelerations tangent to the surface range from
0.003 to 0.486 km s−2.
The results for the extreme values of density also exhi-
bit the same behavior as that indicated in Fig. 8. Specifi-
cally, the maximum total acceleration across the surface of
(16) Psyche is 1.13 × 10−4 km s−2 for the lowest density,
1.45 × 10−4 km s−2 for the nominal and 2.06 × 10−4 km
s−2 for the highest density. This represents a factor of 1.8
between the maximum magnitudes of the accelerations con-
sidering the extreme values of the density. Therefore, the
change in density influences considerably the intensity of to-
tal acceleration experienced by a particle on the surface of
the body.
For comparison purposes, the total magnitudes of
the accelerations computed on the surface of the asteroid
(101955) Bennu are less than 1.00 × 10−7 km s−2 (Schee-
res et al. 2016), about a thousand times smaller than the
magnitudes of Fig. 8.
4.6 Slope
Taking into consideration Subsection 4.3, the geopotential
topography also expresses how the surface is oriented in re-
lation to the acceleration vector, computed from the geopo-
tential at a given location on the surface of the body. Con-
sider a location r on the surface of (16) Psyche, the relative
orientation between the vector normal to that surface, and
the total acceleration vector computed at point r establish
the slope surface (Scheeres et al. 2016). Then, the slope angle
is determined through the supplement of the angle formed
by the normal vector to the surface and by the total acce-
leration vector at point r. We emphasize that, according to
the definition, if these vectors point to opposite directions,
the slope angle will be zero; if they are perpendicular, it will
be 90◦.
Fig. 9 contains the mapping of the slope angle on the
surface of (16) Psyche, considering the nominal density. To
generate these maps, we first locate the normal surface vec-
tor and the total acceleration vector in the barycenter of each
triangular face of the three-dimensional shape model of (16)
Psyche and then compute the slope angle at each of these
points. Note that the slopes on the surface of (16) Psyche do
not exceed 21◦, assuming nominal density, as computed in
Shepard et al. (2017). The distribution of maximum slopes
is preferably concentrated in the vicinity of the southern
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Figure 8. Total acceleration mapped across the surface of (16) Psyche considering the nominal density, under different views.
Figure 9. Slope angle mapped across the surface of (16) Psyche considering the nominal density, under different views.
hemisphere and with some peaks at the equator, and the
lower slopes generally occur near the north hemisphere. The
results revealed that about 84% of the (16) Psyche surface
has a slope less than 10◦.
Since the surface acceleration is divided into a normal
and tangential component, the acceleration vectors tangent
to the surface generally point towards regions with slopes
close to zero. In Fig. 10 we present the mapping of the acce-
lation vectors tangent to the surface of (16) Psyche, highligh-
ting the northern and southern hemispheres and equatorial
region. Note that there is a correlation between the direc-
tion of these vectors and the apparent downslope motion of
material on almost the entire surface of (16) Psyche. Con-
sequently, a particle abandoned from rest at a location r on
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Figure 10. Directions of the tangential acceleration vectors map-
ped across the surface (16) Psyche considering the nominal den-
sity, under the views of the northern and southern hemispheres
and equatorial region, respectively.
the surface of Psyche (16) tends to have its movement direc-
ted towards these low slope regions. In this way, there will
be places on the surface of the body that are predisposed
to accumulate material (Scheeres 2012). As an example we
identified Regions A and B in the southern hemisphere of
the body (reddish region in Fig. 10), which are places that
concentrate the highest slope values, and whose direction of
the tangential acceleration vectors clearly point to low slope
regions located near Regions A and B. Moreover, we cle-
arly observed a significant difference in the behavior of the
slope angle in the northern and southern hemispheres. Since
blue delimits slopes close to zero, these regions around the
north hemisphere represent stable resting areas for material
concentration, while regions near the south hemisphere are
unstable. And, consequently, in these regions will occur a
more intense flow of material.
Finally, in the equatorial region of Fig. 10 we notice a
wide central band with low slopes ranging from 8◦ to 10◦,
with a few locations whose value is slightly higher. The tan-
gential acceleration vectors in this band point mainly to
even lower slope regions, which are located closer to the
northern and southern hemispheres. Therefore, we have that
the flow of loose material on the surface of (16) Psyche will
migrate preferentially towards the regions near the northern
and southern hemispheres.
However, for bodies much smaller than (16) Psyche,
such as asteroids (1999) KW Alpha and (101955) Bennu,
although with a similar rotation period as 16 (Psyche), the
slopes mapped through the surface of these objects exhibit
a pattern behavior, where the smaller slopes are directed
towards the equatorial region, so that the north and south
poles move loose material in direction to this region (Sche-
eres 2012; Scheeres et al. 2016). A behavior contrary to the
one mapped on the surface of (16) Psyche, since the slope
values are sensitive to the size, density, and rotational speed
of the body.
It is worth noting that the mapping of the tilt and slope
angles across the asteroid surface may differ considerably
from one another, as illustrated in Figs. 5 and 9, since the
tilt angle is purely geometric, and the variation of the slope
angle depends on the rotation speed of the body.
The acting of the rotational dynamics of the asteroid
influences the movement of material on the surface and may
contribute to the alteration of the surface environment. Ac-
cording to Scheeres (2012), the slope map of most bodies
with fairly low slopes, whose values do not exceed 30◦, can
be indicative of a relaxed surface. The low slopes across (16)
Psyche are indicators of a relaxed surface, attesting that the
migration of loose material on the surface probably occurred
in the past (Shepard et al. 2018).
Taking into account the extreme values of density, the
results are close to those of Fig. 9, also reflecting high slopes
in the southern hemisphere. For the low density, the total
variation of slopes is 21.1◦ and 22.7◦ for the high density.
So, all the above analysis is also valid even for densities so
different.
5 FEATURES OF THE DYNAMICAL
ENVIRONMENT
In this section, we investigate the environment in the vici-
nity of (16) Psyche. The analysis of the zero-velocity curves
allows evaluating regions where the movement of a parti-
cle will be allowed or not. Furthermore, they are a way of
delimiting external equilibrium points in the gravitational
field of (16) Psyche. Finally, the lower value of the energy
evaluated at these equilibrium points establishes whether a
particle may escape the surface of the asteroid, or whether
its motion will be restricted to the environment close to the
body.
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5.1 Zero-velocity curves
As defined in Subsection 3.1, the equation (12) provides im-
portant information regarding the orbital motion in the en-
vironment around of (16) Psyche, since it delimits regions
where a particle can move or not, according to the value of
its Jacobi constant. Note that 1
2
v2 ≥ 0, then, the following
inequality is true:
J − V (r) ≥ 0. (16)
Depending on the value of J in the expression above, there
will be regions where the trajectory of the particle will
be restricted. The inequality is satisfied in the case of if
V (r) < J , so that all space will be divided into regions al-
lowed for the motion of the particle, at first without any
limitation. In the case of V (r) > J , there will be regions in
the space forbidden for particle motion, since the inequality
is violated. If the arrangement of these forbidden regions de-
marcates space in several disjoint regions, the particle will
be confined, since the trajectory between these regions is
strictly prohibited. Consequently, V (r) = J dictates the li-
mit of these regions, denominated as zero-velocity surface,
or zero-velocity curve in the planes. Scheeres (1994) presents
a more general and complete study about zero-velocity sur-
faces around the uniformly rotating triaxial ellipsoids.
Fig. 11 shows the contourplots of zero-velocity curves
corresponding to the (16) Psyche shape model onto the
z = 0, y = 0 and x = 0 planes, according to the intensity
of the Jacobi constant. Zero-velocity curves are also useful
for determining the location of equilibrium points. At these
points the curves intersect or even close in upon themselves,
to critical values of J .
5.2 Equilibrium points
Several studies have computed four equilibrium points
around of uniformly rotating small bodies, such as the as-
teroids (1620) Geographos, (4769) Castalia, and (216) Kle-
opatra (Jiang et al. 2014; Wang et al. 2014). These points
are commonly referred to as E1, E2, E3, and E4. However,
the number of equilibrium points can change according to
the body considered. Wang et al. (2016) analyzed the gravi-
tational field of (101955) Bennu and located eight external
points near the surface of the body.
The equilibrium points are points at which there is a
balance of forces acting on these positions, and to determine
its location the condition imposed by equation (17) must be
satisfied (Jiang et al. 2014):
∇V (r) = 0. (17)
The resolution of this equation in principle does not provide
an exact amount of solutions since the irregular shape and
rotation of the body influence the total equilibrium points
present in a gravitational field (Scheeres et al. 1996).
As already mentioned in Subsection 5.1, we can use the
zero-velocity curves of (16) Psyche (Fig. 11) as an extra
resource that facilitates the identification of the number of
equilibrium points. Table 1 specifies the location of the exter-
nal equilibrium points of (16) Psyche and Fig. 12 illustrates
the arrangement of these points projected in the equatorial
plane (z = 0), for nominal density. Note that the four points
of equilibrium external to the body are roughly located close
Table 1. Location of the equilibrium points of (16) Psyche con-
sidering the nominal (4.5 g cm−3) and extreme density values.
Equilibrium Density x y z
point (g cm−3) (km) (km) (km)
3.1 226.2786 −27.2245 −0.5938
E1 4.5 224.2672 −25.6407 −0.3685
7.6 222.3988 −22.8875 −0.1967
3.1 −227.8522 −11.5003 −0.3783
E2 4.5 −225.6746 −11.5980 −0.2625
7.6 −223.4892 −11.3641 −0.1570
3.1 −40.3533 215.8981 −0.5922
E3 4.5 −30.6626 217.2641 −0.3628
7.6 −20.3769 218.2330 −0.1823
3.1 −0.3671 −217.9651 −0.0400
E4 4.5 −0.6472 −218.1959 −0.0399
7.6 −0.9801 −218.4222 −0.0306
to the equatorial plane, and there is an almost symmetry
about the x = 0 and y = 0 axes, despite the irregular shape
of (16) Psyche.
The linear stability and topological classification of the
equilibrium points in the gravity field of more than 20 small
celestial bodies were investigated in Wang et al. (2014), ac-
cording to the classification established in Jiang et al. (2014).
We apply a linearization method to examine the stability
of the equilibrium points of (16) Psyche, and using the ei-
genvalues of the characteristic equation, we classify these
points based on Jiang et al. (2014). The characteristic equa-
tion produces six eigenvalues, and the topological classifi-
cation of each equilibrium point is established according to
the disposition of these eigenvalues in the complex plane.
The analysis of the eigenvalues of table 2, showed that the
points E3 and E4 are classified topologically in Case 1 (each
equilibrium point has three pairs of imaginary eigenvalues).
Consequently, E3 and E4 are linearly stable. The eigenva-
lues of points E1 and E2 fit into Case 2 (there are two pairs
of imaginary eigenvalues and one pair of real eigenvalues for
the equilibrium point) and are classified as unstable points.
However, the location and topological classification of
the equilibrium points in the gravitational field of an aste-
roid can undergo changes as the variation of a given parame-
ter occurs, such as rotation speed and density. Jiang et al.
(2015b) considered the rotation speed as a parameter that
could be modified and investigated the behavior of the equi-
librium points in the gravitational field of the asteroid (216)
Kleopatra. They observed that as the speed of rotation in-
creased the number of equilibrium points decreased from 7
to 5 to 3 to 1. It happened that some points collided and
annihilate each other until only one point inside the object
remained. In this way, some types of bifurcations are possi-
ble to appear at the moment when the coalescence occurs,
and the points disappear. In addition, the topological classi-
fication of the points changes. A detailed study of the types
of bifurcations is discussed in Jiang et al. (2015b).
Thus, with the intention of ascertaining possible chan-
ges of the (16) Psyche equilibrium points as well as the to-
pological structure of them, we chose the variation of the
density parameter. Our choice is based on the fact that this
parameter is still uncertain, since previous works point to
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Figure 11. Contourplots of zero-velocity curves of (16) Psyche in the xoy, xoz and yoz planes, respectively, for nominal density. The
colour code provides the value of the Jacobi constant in units of km2 s−2.
Figure 12. Location of the asteroid equilibrium points (16) Psy-
che in the xoy plane, for nominal density (4.5 g cm−3). Black dots
are linearly stable while red dots are unstable equilibrium points.
a large range for density (Shepard et al. 2017; Drummond
et al. 2018; Viikinkoski et al. 2018). We analyzed the loca-
tion and linear stability of the equilibrium points for several
values of densities in a range between 3.1 and 7.6 g cm−3
(the extreme values). Table 1 also identifies the location of
the equilibrium points considering the extreme values of den-
sity. Note that even considering extreme density values, the
coordinates of the equilibrium points are very similar. This
is due to the fact that we are preserving the mass of (16)
Psyche, and as density changes, we have a new volume, and
therefore, a new size of the object. However, the gravitatio-
nal force exerted is practically the same in the region of the
equilibrium points, since this depends on the mass distribu-
tion of the asteroid. The analysis of the eigenvalues (Table
2) showed that, even with values of different densities, the
topological classification of all the points is preserved, with
the exception of point E4. Following the topological clas-
Table 2. Eigenvalues (λn × 10−3) of equilibrium points in the
potential of (16) Psyche considering the nominal (4.5 g cm−3)
and extreme density values (ρ, in g cm−3).
λn ρ E1 E2 E3 E4
3.1 0.4520i 0.4509i 0.4332i 0.4277i
λ1 4.5 0.4424i 0.4426i 0.4289i 0.4254i
7.6 0.4334i 0.4343i 0.4248i 0.4228i
3.1 −0.4520i −0.4509i −0.4332i −0.4277i
λ2 4.5 −0.4424i −0.4426i −0.4289i −0.4254i
7.6 −0.4334i −0.4343i −0.4248i −0.4228i
3.1 0.4468i 0.4461i 0.3466i −0.0556 + 0.2909i
λ3 4.5 0.4384i 0.4380i 0.3707i 0.3323i
7.6 0.4302i 0.4305i 0.3865i 0.3685i
3.1 −0.4468i −0.4461i −0.3466i −0.0556− 0.2909i
λ4 4.5 −0.4384i −0.4380i −0.3707i −0.3323i
7.6 −0.4302i −0.4305i −0.3865i −0.3685i
3.1 −0.2406 −0.2374 0.1954i 0.0556 + 0.2909i
λ5 4.5 −0.2048 −0.2044 0.1567i 0.2336i
7.6 −0.1648 −0.1669 0.1274i 0.1774i
3.1 0.2406 0.2374 −0.1954i 0.0556− 0.2909i
λ6 4.5 0.2048 0.2044 −0.1567i −0.2336i
7.6 0.1648 0.1669 −0.1274i −0.1774i
sification presented in Jiang et al. (2014), for the inferior
extreme value of density (3.1 g cm−3) the point E4 belongs
to Case 5 (there are a pair of imaginary eigenvalues and two
pairs of conjugate complex eigenvalues to the equilibrium
point).
In order to verify how large is the size of the stabi-
lity regions around the four equilibrium points, considering
the nominal density, we perform another set of simulations
where we distribute massless particles in a region contai-
ning these points. We then investigated how these particles
initially placed in the vicinity of (16) Psyche and close to
the external equilibrium points evolved under its gravitati-
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onal potential, and to do so, the polyhedra shape used in
the previous sessions was replaced by a mass concentrations
(MASCONS) model (Geissler et al. 1996). Even though it
is precise, the polyhedra model is not suitable to integrate
the orbits due to the time necessary to evaluate the po-
tential each time step. The mascons model circumvent the
need of several calculations that raise from the integral for-
malism, but keeps good accuracy when compared with the
polyhedra technique and gives a more precise representation
for the potential close to the body surface when compared
to a spherical harmonics representation (Werner & Schee-
res 1996; Rossi et al. 1999). Based on the method presented
in Geissler et al. (1996), an equally spaced mesh is created
encompassing the entire asteroid. From this mesh, we select
the points that lie within the asteroid volume, and to each
point, a mass is attributed in such a manner that the sum
corresponds to the total mass of (16) Psyche. Therefore, the
sum of the gravitational potential from each mass point is
the gravitational potential from Psyche’s irregular shape, as
given by (Borderes-Motta & Winter 2018)
U = U(x, y, z) =
N∑
i=0
G m
ri
, (18)
where N represents the number of mascons confined in the
volume of (16) Psyche, ri defines the distance of the or-
biting particle in relation to each mascon, whose mass is
given by m = M
N
. In our model we considered a 4.6 km spa-
ced grid, resulting in a model for (16) Psyche composed by
N = 62422 mascons of m = 4.3734× 1014 kg each. For this
number of mascons, we compute the relative error of gra-
vitational potential between mascon and polyhedron model.
Over the surface of the body, the average of the relative error
is ∼0.08% and the standard deviation is ∼0.06%. Therefore,
the mascon model represents very well the potential of the
polyhedron model.
The initial conditions constitute an ensemble of 15 thou-
sand massless particles distributed in 30 equally spaced
layers with 195 < r < 255 km, ranging from some tens
of kilometers above the equivalent radius of the body to a
few kilometers beyond the location of the equilibrium points.
In each layer, 500 particles were placed initially in circular
orbits and in the equatorial plane. To create a flat cloud,
random values from 0◦ to 360◦ were attributed to the mean
anomaly. The equations of motion we integrated with the
Bulirsch-Stoer algorithm in a modified version of the Mer-
cury package (Chambers 1999) that includes the mascons
model. We followed the orbits for a timespan of 2 years (∼
4 thousand spin periods of (16) Psyche).
Let us assume that a stable region is one where there are
particles that survived until the end of the simulation, were
not ejected and did not collide with the central body. Fig.
13 shows the initial position of the particles of the initial
ensemble (blue points) and those that survived until the
end of the simulation (yellow dots). The results remarkably
show that the size of the stable regions around the points
E3 and E4 are asymmetric. The region around point E3 has
an angular amplitude of ∼ 81◦, while for E4 it is only ∼ 30◦.
This discrepancy in the sizes of the stability regions around
points E3 and E4 is certainly due to the asymmetric shape
of (16) Psyche.
Figure 13. Blue represents the positions in the xoy plane of 15
thousand particles randomly distributed around (16) Psyche at
the initial time. Yellow represents the initial positions of the par-
ticles that remained after two years of integration. Black points
represent the position of the equilibrium points for the nominal
density.
5.3 Guaranteed return speed
(16) Psyche, like the vast majority of asteroids, has four syn-
chronous orbits (external equilibrium points) in its vicinity,
as shown in Subsection 5.2. Obviously, some bodies do not
adhere to this prescription, as is the case with the asteroid
(101955) Bennu, holder of eight external equilibrium points
(Scheeres et al. 2016).
Considering a system that is fixed and rotates with (16)
Psyche, the geopotential computed at these points of equi-
librium produces an energy able of defining limits in the
movement of a particle near the asteroid. Such limit is im-
posed by the zero-velocity surface (or zero-velocity curves
in the coordinate planes) generated by the smaller value of
the Jacobi constant (J∗), among those computed by me-
ans of the geopotential measured in the synchronous orbits
(Scheeres 2012). This surface surrounds the entire asteroid
in three-dimensional space and its minimal energy makes it
possible to analyze the lower limit of the guaranteed return
speed, a velocity evaluated on the surface of the body as:
vret =
√
−2(V (r)− J∗), (19)
whose value is set to zero if the geopotential across the sur-
face of the body exceeds J∗. Recalling that for (16) Psyche
we take into account the value of the geopotential computed
in the barycentre of each triangular face of the polyhedral
model of the body.
Thus, a particle at a location r on the surface of (16)
Psyche will have an energy V (r) and a return speed vret. If
this energy is greater than J∗, then vret = 0 and it is possi-
ble that this particle can escape from the environment near
the asteroid, even though it is on the surface of (16) Psyche.
Otherwise, if this energy is less than J∗, and considering
that the particle is positioned within the zero-velocity curve
that surrounds the body, there is insufficient energy for it to
escape from the system. So, vret will define a lower bound
for the velocity across the surface, below which the parti-
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Figure 14. Guaranteed return speed vret mapped across the surface of (16) Psyche considering the nominal density, under different
views.
cle will be conditioned to have its motion restricted to the
neighborhood of (16) Psyche.
Fig. 14 illustrates the behavior of the guaranteed return
speed across the surface of (16) Psyche, considering the no-
minal density. The value of J∗ is given by −1.2697 × 10−2
km2 s−2 and is associated with the equilibrium point E2.
Observe that the minimum values of the return speed are
at the ends of the equator, while the maximum values are
at the poles. Moreover, according to Fig. 7, a particle that
starts its trajectory from the highest point in the geopoten-
tial toward the lowest point requires a speed of up to 0.06 km
s−1 to boost such a movement. Value below the lower limit
of the return speed established in the polar regions (0.101
km s−1), where the lowest point in the geopotential is con-
centrated. Thus, it is impossible the movement of particles
outside the zero-velocity curve that encompasses the aste-
roid since their energies are smaller than J∗. Consequently,
a particle within this zero-velocity curve can not leave the
close proximity of (16) Psyche.
6 MAPPING OF IMPACTS ACROSS THE
SURFACE
Considering that throughout their history, planetary satel-
lites frequently undergo collisions with interplanetary dust
particles (Kru¨ger et al. 2000, 2003; Krivov et al. 2003; Win-
ter et al. 2018), generating ejecta that can initially orbit
around the satellite. The same is also expected to occur with
minor celestial bodies as the asteroid (16) Psyche. Thus, in
this subsection, we are interested in mapping the fall of the
ejecta particles on the surface of (16) Psyche. So, let us in-
vestigate whether there is a preference for certain regions
and how altitude can influence the fall of these particles.
An ensemble of 10 thousand test particles was distribu-
ted in 40 equally spaced layers with 126.5 < r < 241.5 km,
ranging from few kilometers above the equivalent radius of
the body until comprising the equilibrium points. At each
layer, 250 particles were initially in circular orbits, and the
inclination was randomly chosen from 0◦ to 90◦. To create
a cloud, random values from 0◦ to 360◦ were attributed to
the longitude of the ascending node and the mean anomaly.
Here, again the equations of motion were integrated
with the Bulirsch-Stoer algorithm considering a modified
version of the Mercury package (Chambers 1999) that in-
cludes the mascons model by the same arguments already
described at the end of Subsection 5.2. We followed the orbit
of each particle for a timespan of 1 year (∼ 2 thousand spin
periods of (16) Psyche). Every time that a particle collided
with the asteroid, it was removed from the system and the
impact position was registered.
A graph of the altitude measured from the centre of
mass of (16) Psyche is shown in Fig. 15-Top. The longitude
was measured from a prime meridian defined by the direc-
tion of the axis of the smallest moment of inertia. While Fig.
15-Bottom shows the collisions mapped in a 10◦ × 10◦ grid
in an equirectangular projection. In one spin period of (16)
Psyche, about 82% of the particles had already fallen on its
surface. Although the particles were distributed in a cloud
around the asteroid and almost all the surface was impac-
ted, one can note the collisions happened primarily around
the equatorial region in a latitude range around ±30◦, which
corresponds to the region with the highest altitudes as dis-
cussed in subsection 4.1. When comparing Fig. 15-Bottom
with Fig. 15-Top, we note that the places with a larger num-
ber of collisions (green and red in Fig. 15-Bottom) corres-
pond to lower altitudes, mainly the one located at longitude
70◦. This concentration is due to the gravitational pull expe-
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Figure 15. Top: Altitude of astroid (16) Psyche in longitude and latitude. The color code provides the distance from the center of mass
of the body, measured in km. Bottom: Number of fall of particles across the surface of (16) Psyche mapped in a 10◦ × 10◦ grid in an
equirectangular projection.
rienced by the particle when flying close to the high altitude
points located just to the left of the prime meridian (red
region) that deviates the orbit towards the asteroid, even-
tually leading to a collision. The same also happens for the
equatorial region with longitude between −170◦ and −140◦
(green dots in Fig. 15-Bottom), which occurs to be just af-
ter the high altitude region shown in Fig. 15-Top (red dots
with longitudes between 160◦ and −170◦). The low number
of collisions at high latitudes might be due to the somewhat
ellipsoidal shape of the object, what makes the polar regions
flattened.
The detection of material deposits in this region near
the equator by a future mission may indicate that in the
past, there was material orbiting (16) Psyche.
7 FINAL COMMENTS
This study provided the exploration of the dynamical envi-
ronment around and on the surface of the asteroid (16) Psy-
che, the target of a future space mission. Firstly, we exposed
the shape model of the object and its physical properties,
highlighting the discordance in the density value (Shepard
et al. 2017; Drummond et al. 2018; Viikinkoski et al. 2018).
Then we define the gravitational potential using the polyhe-
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dra method (Werner & Scheeres 1996) and then present the
geopotential computed on the surface of the body.
Next, we presented the topographic features on the sur-
face of (16) Psyche utilizing the geopotential. We compute
the geopotential topography, potential speeds, surface acce-
lerations, tilts, and slopes. These characteristics took into
consideration the nominal density and the extreme values
presented in Shepard et al. (2017). The altitude variation
considering the body geometry and the effective altitude va-
riation considering the geopotential were mapped across the
surface of (16) Psyche. The regions on the asteroid surface
that comprise the lowest and highest points in the geopo-
tential were located. And an analysis of the tilt angles and
slopes were made in relation to these regions. We present a
purely geometric amount, tilt angle, which provides how the
surface is oriented in the body system. The importance of
this angle is due to the fact that in case a probe makes con-
tact normal to the surface of (16) Psyche, it is necessary the
orientation in relation to that direction. The mapping of slo-
pes provides information on the direction of the movement
of loose material on the surface of the object. We empha-
size the significant difference in the distribution of slopes
between the northern and southern hemispheres. The slopes
close to zero are concentrated in the northern hemisphere,
which characterizes it as a more “relaxed” region.
With the support of zero velocity curves, it was possible
to determine the number of equilibrium points in the gravi-
tational field of this object, considering the nominal density.
We found that two of the four external equilibrium points
are linearly stable (E3 and E4). A discussion of how the den-
sity affects the location and linear stability of these points
was given, taking into account the variation of this parame-
ter in a range between 3.1 and 7.6 g cm−3. In addition, the
location and linear stability of the equilibrium points aid in
understanding the environment around the object. We used
a modified version of the Mercury package (Chambers 1999)
to integrate for two years particles without mass in the vi-
cinity of (16) Psyche, and the result showed that the stable
region around the point E3 is almost three times larger in
angular amplitude than the region around the point E4.
Besides, we have mapped the impact of particles across
the surface of (16) Psyche, noting that collisions occur pre-
ferentially in the equatorial region of the body, precisely
between high altitudes.
This study can be useful for motivating and assisting in
the observation plans for the Psyche mission. All the analy-
sis presented will be able to measure our ability to investi-
gate the geophysical environment of asteroids, using a tool
the Earth-based observations. Moreover, the Psyche mission
may test or validate this study and point out characteristics
that we do not cover.
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